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The floor plate is a morphologically distinct structure of epithelial cells situated along the midline of the ventral spinal cord
in vertebrates. It is a source of guidance molecules directing the growth of axons along and across the midline of the neural
tube. In the zebrafish, the floor plate is about three cells wide and composed of cuboidal cells. Two cell populations can be
distinguished by the expression patterns of several marker genes, including sonic hedgehog (shh) and the fork head-domain
ene fkd4: a single row of medial floor plate (MFP) cells, expressing both shh and fkd4, is flanked by rows of lateral floor plate
LFP) cells that express fkd4 but not shh. Systematic mutant searches in zebrafish embryos have identified a number of
enes, mutations in which visibly reduce the floor plate. In these mutants either the MFP or the LFP cells are absent, as
evealed by the analysis of the shh and fkd4 expression patterns. MFP cells are absent, but LFP cells are present, in mutants
f cyclops, one-eyed pinhead, and schmalspur, whose development of midline structures is affected. LFP cells are absent,
ut MFP cells are present, in mutants of four genes, sonic you, you, you-too, and chameleon, collectively called the you-type
enes. This group of mutants also shows defects in patterning of the paraxial mesoderm, causing U- instead of V-shaped
omites. One of the you-type genes, sonic you, was recently shown to encode the zebrafish Shh protein, suggesting that the
ou-type genes encode components of the Shh signaling pathway. It has been shown previously that in the zebrafish shh is
equired for the induction of LFP cells, but not for the development of MFP cells. This conclusion is supported by the finding
hat injection of shh RNA causes an increase in the number of LFP, but not MFP cells. Embryos mutant for iguana, detour,
nd umleitung share the lack of LFP cells with you-type mutants while somite patterning is not severely affected. In
utants that fail to develop a notochord, MFP cells may be present, but are always surrounded by LFP cells. These data
ndicate that shh, expressed in the notochord and/or the MFP cells, induces the formation of LFP cells. In embryos doubly
utant for cyclops (cyc) and sonic you (syu) both LFP and MFP cells are deleted. The number of primary motor neurons is
trongly reduced in cyc;syu double mutants, while almost normal in single mutants, suggesting that the two different
athways have overlapping functions in the induction of primary motor neurons. © 2000 Academic Press
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The floor plate is an epithelial structure that occupies the
ventral neural tube in vertebrate embryos; it acts as a major
signaling center for the neural tube, providing important
guidance cues for outgrowing axons of many neurons (re-
1 To whom correspondence should be addressed at present ad-
dress: Artemis Pharmaceuticals GmbH, Spemannstr. 35, 72076
Tu¨bingen, Germany. Fax: 07071/965569. E-mail: J.Odenthal@
Artemis-Pharmaceuticals.de.
2 Present address: Hubrecht Lab./N.I.O.B., Uppsalalaan 8, 3584
T Utrecht, The Netherlands.350iewed by Colamarino and Tessier-Lavigne, 1995; Stoeckli
nd Landmesser, 1998). Within the tetrapod floor plate, the
patially restricted expression of various molecular markers
as allowed two distinct cell populations to be distin-
uished: in chicken embryos, the entire floor plate ex-
resses the FP1 antigen, while only medial cells express the
ntigen SC1 (Placzek et al., 1991; Yamada et al., 1991).
Similarly in rat, the antigen FP3 is expressed in all floor
plate cells, whereas expression of FP4 antigen and sonic
hedgehog (shh) is restricted to the medial floor plate (Plac-
zek et al., 1993; Roelink et al., 1995). In mice, in which shh
expression is also restricted to the medial floor plate,
expression of the winged-helix transcription factor HNF3b0012-1606/00 $35.00
Copyright © 2000 by Academic Press
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351Induction of Lateral Floor Plate Cellsextends beyond that of shh (Ang et al., 1993; Monaghan et
al., 1993; Sasaki and Hogan, 1993), indicating that HNF3b
marks lateral cells as well as medial cells in the floor plate.
In the embryo of the zebrafish, Danio rerio, the floor plate
is three to four cells wide, consisting of a single row of
medial floor plate (MFP) cells flanked by so-called lateral
floor plate (LFP) cells. LFP cells share an epithelial (cuboi-
dal) morphology with MFP cells and axons of the medial
longitudinal fascicle grow along these lateral cells (Kuwada
and Bernhardt, 1990; Hatta et al., 1991). Cells of the MFP
express shh (Krauss et al., 1993), tiggy-winkle hedgehog
(twhh; Ekker et al., 1995), collagen2A1 (col2A1; Yan et al.,
1995), netrin-1 (net1; Stra¨hle et al., 1997a), the HNF3a
homolog fkd7, the Xenopus Pintallavis homolog fkd4
Odenthal and Nu¨sslein-Volhard, 1998), and the HNF3b
homolog axial (Stra¨hle et al., 1993; Odenthal and Nu¨sslein-
Volhard, 1998). In contrast to the other genes, axial and
fkd4 are, in addition, expressed in two one- to two-cell-wide
stripes flanking the MFP, which correspond to the LFP
(summarized in Table 1).
Transplantation and ablation experiments, mainly per-
formed in chicken and rat embryos, indicate that signals
from both the notochord and the floor plate itself can
induce the differentiation of floor plate as well as of motor
neurons in the ventral neural tube (reviewed by Tanabe and
Jessell, 1996). Several lines of evidence have implicated the
secreted signaling molecule encoded by shh in this induc-
tive process (reviewed by Hammerschmidt et al., 1997):
floor plate and motor neuron development can be induced
by Shh in neural tube explants cultured in vitro in the
absence of notochord tissue (Martı´ et al., 1995; Roelink et
l., 1995; Ericson et al., 1996; reviewed by Placzek, 1995),
while in vivo, ectopic shh expression can induce the expres-
sion of various floor plate-specific genes in zebrafish,
mouse, and Xenopus embryos (Krauss et al., 1993; Echelard
et al., 1993; Ruiz i Altaba et al., 1995). Experiments with
function-blocking antibodies suggested that shh activity is
essential for the induction of floor plate and motor neurons
in these in vitro experiments (Martı´ et al., 1995; Ericson et
al., 1996). Consistent with these findings, functional inac-
tivation of the shh gene leads to the absence of floor plate
and motor neurons in the ventral neural tube in mouse
embryos (Chiang et al., 1996). In addition, the absence of
floor plate in mouse embryos lacking the function of gli2, a
transcription factor implicated in transduction of the Shh
signal, provides further evidence that Shh signaling is
essential for floor plate induction (Ding et al., 1998; Matise
et al., 1998).
TABLE 1
Expression of Molecular Markers in the Medial Floor Plate (MFP)
shh twhh col2A1 f
MFP 1 1 1
LFP 2 2 2Copyright © 2000 by Academic Press. All rightA large number of mutants with defects in various
aspects of ventral neural tube development have now been
isolated in screens for mutant zebrafish (Hatta et al., 1991;
Driever et al., 1996; Haffter et al., 1996). In floating head,
momo, and bozozok mutants, all of which lack the noto-
chord, patches of floor plate develop (Talbot et al., 1995;
Odenthal et al., 1996; Schier et al., 1996), while in no tail
(ntl) mutants a floor plate is formed in the absence of a
differentiated notochord (Halpern et al., 1995; Odenthal et
al., 1996; Stra¨hle et al., 1996). These mutant phenotypes
suggest that a differentiated notochord is not essential for
floor plate formation in the fish. Mutants of three other
genes, cyclops (cyc; Hatta et al., 1991; Krauss et al., 1993),
one-eyed pinhead (oep; Hammerschmidt et al., 1996b;
Schier et al., 1996, 1997; Stra¨hle et al., 1997b), and schmal-
spur (sur; Brand et al., 1996), are characterized by the
absence of the MFP cells in early embryos. The rescue of
floor plate cells in cyc mutant embryos by simultaneous
inactivation of the ntl gene suggests that Ntl protein plays
an early role in cell fate choice in the embryonic shield,
suppressing floor plate and promoting notochord develop-
ment (Halpern et al., 1997).
In other mutants in which the floor plate is visibly
reduced, the development of MFP cells appears normal
(Brand et al., 1996). Significantly, one of these mutants,
sonic you (syu), has been shown to encode the zebrafish shh
gene (Schauerte et al., 1998). In contrast to the situation in
the mouse, in which inactivation of the shh gene results in
loss of the entire floor plate, syu mutant embryos lack only
the LFP cells, MFP cells developing normally as judged by
the expression of MFP-specific genes (Schauerte et al.,
1998). The finding of two additional hedgehog (hh) genes
expressed in axial structures in the zebrafish, echidna
hedgehog (ehh; Currie and Ingham, 1996) and twhh (Ekker
et al., 1995), suggests the possibility of partial redundancy
in Hh signaling which could account for this difference.
In this study, we have used the distinct patterns of
expression of shh and fkd4 to analyze the development of
MFP and LFP cells in zebrafish mutants defective in mid-
line structures, particularly the notochord or floor plate.
Our results suggest that shh expression in either the noto-
chord or the MFP cells is sufficient to induce development
of the LFP cells, a view supported by the loss of LFP cells
seen in syu mutant embryos. The syu mutant is a member
of a distinct phenotypic class collectively referred to as the
you-type mutants. Embryos homozygous for all five mem-
bers of this class, syu, you, you-too (yot), chameleon (con),
and u-boot (ubo) show defects in patterning the paraxial
ateral Floor Plate (LFP)
net 1 net 1a axial fkd4
1 1 1 1
2 1 1 1and L
kd7
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352 Odenthal et al.mesoderm, causing U- instead of V-shaped somites. In early
development, the function of the genes identified by these
mutants is required for the induction of adaxial cells and
muscle pioneer cells in the somites that give rise to the
horizontal myoseptum (van Eeden et al., 1996; van Eeden,
997; Schauerte et al., 1998; Lewis et al., 1999). We have
ound that LFP development is disrupted in three of these
ou-type mutants (yot, you, and con) supporting the notion
hat they identify genes encoding components of the Shh
ignaling pathway (Schauerte et al., 1998; Karlstrom et al.,
999; Lewis et al., 1999). In addition, we have identified
hree further candidate genes for Hh pathway components,
amely iguana (igu), detour (dtr), and umleitung (uml),
utants of which all show defects in LFP cell development.
limination of both MFP and LFP cells in embryos doubly
utant for cyc and syu indicates that the induction of
rimary motor neurons involves both the shh pathway and
he pathway(s) specifying the MFP cells.
MATERIAL AND METHODS
Fish Strains
Fish maintenance and mating were done as described in Mullins
et al. (1994). The following alleles were used: cyctf219, oeptz257,
urty98b, iguts294e, dtrts296, smhtn222a, moltv53a (Brand et al., 1996),
flhtm229, momth211, ntltc41 (Odenthal et al., 1996), syutq252, you ty97,
yotty119, contm15, ubotp39, chotm26 (van Eeden et al., 1996), syut4,
yutbx392 (Schauerte et al., 1998), sly, gup, bal, umlty54z, ast, blwtc294z,
nd beltv42z (Karlstrom et al., 1996).
In Situ Hybridization
Whole-mount in situ hybridizations were performed as described
in Odenthal and Nu¨sslein-Volhard (1998).
Antibody Staining
Antibody staining was done as described in Bernhardt et al.
(1990), with the difference that the embryos were fixed in 4% PFA
in PBS and permeabilized with acetone (described in Schulte-
Merker et al., 1992). The detection was performed using a peroxi-
dase kit (Vektor) according to the manufacturer’s instructions.
shh RNA Injections
The plasmid containing the shh gene (Krauss et al., 1993) was
linearized with BamHI and transcribed with SP6 RNA polymerase
using the Ambion mMessenger mMachine Kit according to the
manufacturer’s protocol. For injection the mRNA was diluted 2:1
with 0.5% phenol red injected at a concentration of 0.3 mg/ml;
approximately 50–100 pl was injected in single blastomeres of one-
to two-cell-stage embryos. Injections were done with the help of a
micromanipulator using a picopump (PV830; World Precision In-
struments (WPI)) and glass needles (TWI 120F-4; WPI) pulled on a
DMZ Universal puller (Zeitz).Copyright © 2000 by Academic Press. All rightRESULTS
Lateral Floor Plate Cells Differentiate in the Trunk
of Mutants Lacking the Medial Floor Plate
At least three genes, cyc, oep, and sur, are essential for the
evelopment of shh expressing MFP cells. Expression of shh
s reduced in the ventral forebrain and the floor plate in cyc
nd oep (Hatta et al., 1991; Krauss et al., 1993; Brand et al.,
996; Hammerschmidt et al., 1996b; Schier et al., 1996,
997), while in sur mutants shh expression is absent in the
oor plate but unaffected in the ventral forebrain cells
Brand et al., 1996; Schier et al., 1996). Analysis of fkd4
xpression in cyc, oep, and sur mutants revealed a two- to
hree-cell-broad domain (Figs. 1D, 1F, and 1H), instead of a
hree- to four-cell-broad domain as found in the ventral
eural tube of wild-type embryos (Fig. 1B). In cyc and oep
mbryos this expression is restricted to the trunk region
here a notochord is formed underneath (Figs. 1C, 1E, and
G), while in sur embryos cells in the ventral diencephalon
lso express fkd4 and shh (Figs. 1G and 1H and Brand et al.,
996). These data show that LFP cells can develop in the
bsence of MFP cells: since a differentiated notochord
evelops in all three mutants, this structure could serve as
source of a signal that induces LFP cells in the overlying
entral neural tube.
Lateral Floor Plate Cells Differentiate in the Trunk
of Mutants Lacking a Notochord
Embryos mutant for floating head (flh), momo (mom),
and ntl lack a differentiated notochord. In such embryos,
shh expression is initiated in the shield and progressing tail
bud but not maintained in the axial mesoderm during
gastrulation (Krauss et al., 1993; Halpern et al., 1995;
albot et al., 1995; Odenthal et al., 1996; Stra¨hle et al.,
996). Nevertheless, a few shh-expressing MFP cells de-
elop in the ventral neural tube of flh and mom embryos
Talbot et al., 1995; Odenthal et al., 1996; Schier et al.,
1996). Significantly, while shh expression in the trunk
egion of flh and mom embryos is restricted to single-cell-
ide patches (Figs. 2C and 2E), fkd4 is expressed in broader
omains approximately three cells wide, in close associa-
ion with shh-expressing cells (Figs. 2D and 2F). In ntl
utants the shh-expressing MFP occupies a two- to three-
ell-broad domain (Fig. 2G). In these embryos, there is a
oncomitant expansion in the domain of fkd4 expression to
width of four to six cells (Fig. 2H). Taken together, these
bservations indicate that LFP cells can develop in the
bsence of a differentiated notochord: in all cases, the LFP
ells are exclusively associated with MFP cells, suggesting
hat they may be induced by signals from the latter.
shh Activity Is Necessary and Sufficient for the
Induction of Lateral but Not Medial Floor
Plate Cell-Specific Gene Expression
In zebrafish, the notochord and/or MFP expresses three
different members of the hedgehog gene family, namelys of reproduction in any form reserved.
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353Induction of Lateral Floor Plate Cellsshh, twhh (Ekker et al., 1995), and ehh (Currie and Ingham,
996), the product of any of which is thus a candidate for an
FP-inducing signal. Recent studies have indicated that loss
f Shh activity caused by the syu mutation results in the
absence of LFP cells, while MFP cells appear to develop
normally (Schauerte et al., 1998). To confirm and extend
FIG. 1. shh in the notochord can induce LFP cells. Lateral views
D), cyctf219 (E, F), and surty68b (G, H) embryos hybridized with probe
(anterior is left). Only ventral neural tube cells overlying the notoch
(D, F), while in the diencephalon expression is restricted to more do
appears normal (G), while fkd4 transcription in the trunk is restriCopyright © 2000 by Academic Press. All rightthis observation, we compared the expression of axial and
fkd4 in the trunk region of embryos homozygous for a
deletion of the syu locus (syut4) or the strong point mutation
llele syutbx392 and found that transcription of both genes is
restricted to a single row of cells (shown for syut4 in Figs. 3B
and 3D). Similar results were obtained with homozygous
, E, G) and dorsal views (B, D, F, H) of wild-type (A, B), oeptz257 (C,
cific for fkd4 (A–F) and fkd4/shh (G, H) in the pharyngula period
n the trunk of oep and cyc mutants form fkd4-expressing LFP cells
ells (C, E). In sur mutants shh and fkd4 expression in the forebrain
to ventral cells in contact with the notochord (H).(A, C
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354 Odenthal et al.mutant embryos of the weaker allele syutq252 (data not
hown). Since twhh, fkd7, and col2A1 are expressed nor-
ally in syu mutant embryos (Schauerte et al., 1998; and
data not shown), the single row of fkd4-expressing cells
developing in the absence of Shh signaling corresponds to
MFP cells. That twhh is normally expressed indicates that
its activity is unable to compensate for the loss of Shh
activity in LFP induction. Similarly, expression of ehh in
FIG. 2. shh in the MFP can induce LFP cells. Dorsal views (anterio
A, B), flhtk241 (C, D), momth211 (E, F), and ntltc41 (G, H) embryos in th
mom embryos express fkd4 in the ventral neural tube (D, F). In ntl e
hat in the absence of a notochord shh expression in the MFP canCopyright © 2000 by Academic Press. All rightthe notochord of syu homozygotes is also insufficient for
LFP induction. As development proceeds, axial expression
in more anterior trunk regions is strongly reduced (Figs. 3D
and 3H), while fkd4 expression remains strong (Fig. 3B),
pointing to a function of the shh gene in the maintenance of
axial expression in the MFP of later stages.
Previous studies have shown that injection of synthetic
shh RNA into one- to two-cell-stage embryos leads to a
eft) of shh (A, C, E, G) and fkd4 (B, D, F, H) expression in wild-type
aryngula period. Cells around shh-expressing MFP cells in flh and
os cells adjacent to the broadened MFP transcribe fkd4, suggesting
ce LFP development.r is l
e ph
mbry
indus of reproduction in any form reserved.
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355Induction of Lateral Floor Plate CellsFIG. 3. shh is required for axial and fkd4 expression in LFP cells. Dorsal views (A–D) and lateral views (E–H) of wild-type (A, C, E, G) and
yut4 (B, D, F, H) embryos at the pharyngula period labeled with an in situ probe for fkd4 (A, B; blue cytoplasmic staining) or axial (C–H;
lue cytoplasmic staining) and stained with the 4D9 antibody against En-like proteins (brown nuclear staining, out of focus); anterior is left.
hh function is required for the induction of fkd4 and axial expression in LFP cells (B, D). While fkd4 in syu embryos stains MFP cells also
in anterior trunk regions (B) axial transcription in MFP cells close to the tail bud appears normal (F), while older MFP cells maintain only
low levels of expression (D, H), indicating a maintenance function of shh on axial expression in MFP cells.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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356 Odenthal et al.highly mosaic expression of shh in the embryo and causes
he ectopic expression of axial in the neural tube as well as
f the myoD gene in the paraxial mesoderm (Krauss et al.,
993; Hammerschmidt et al., 1996a; Concordet et al., 1996;
urrie and Ingham, 1996; Weinberg et al., 1996). To test
hether Shh activity is sufficient to induce LFP cell iden-
ity, we injected shh mRNA into one- to two-cell-stage
mbryos as previously described and assayed fkd4 expres-
ion. The majority of such injected embryos showed a
ignificant increase in fkd4-expressing cells in the neural
ube. To distinguish between the induction of MFP and of
FP identity, the expression of fkd4 in injected embryos
as compared with that of a marker specific for the MFP in
he spinal cord, col2A1 (Yan et al., 1995; Fig. 4A). Whereas
hh injection leads to an expansion of fkd4 expression to
ore lateral and dorsal regions of the trunk neural tube
92% of injected embryos, n 5 56, Fig. 4D), col2A1 expres-
sion in the spinal cord remains unchanged (0% of injected
embryos, n 5 43, Fig. 4C). Taken together, the analysis of
the syu mutant phenotype and the overexpression data
indicate that shh function is both necessary and sufficient
to induce LFP but not MFP cells.
Other Components of the shh Pathway Are
Involved in LFP Development
The you-type class of mutation includes syu, you, yot,
and con, each of which shares the same defect in slow
FIG. 4. shh injection induces LFP but not MFP expression in th
tained for the MFP marker col2A1 (A, C) and the fork head dom
injections (A, B) and synthetic shh RNA injections (C, D) at th
overexpression appears unaltered, fkd4 expression is dorsally expan
FP cells appear to be nonresponsive.Copyright © 2000 by Academic Press. All rightuscle development (van Eeden et al., 1996; Lewis et al.,
1999), and ubo and choker (cho), which have specific defects
in the horizontal myoseptum (van Eeden et al., 1996). To
est for an involvement of these genes in the patterning of
he ventral neural tube, fkd4 expression in LFP cells was
nalyzed in yot, you, con, ubo, and cho embryos. We found
hat fkd4 expression in mutant you, yot, and con embryos is
estricted to a single row of cells (Figs. 5C–5E), but appears
ormal in ubo and cho embryos (data not shown). These
esults suggest that you, yot, and con are components of the
hh signal transduction pathway. Since shh mRNA expres-
ion in these mutants is not affected (van Eeden et al.,
996), we suggest that you, yot, and con act downstream of
hh transcription.
In addition to somite and floor plate defects, syu, yot, and
on mutant embryos have a curled body axis and retinal
xons that project to the ipsilateral instead of the contralat-
ral tectum (Brand et al., 1996; Karlstrom et al., 1996;
chauerte et al., 1998). Several other mutants which show
educed floor plate morphology and/or ipsilateral projection
henotypes have been isolated (Brand et al., 1996; Karl-
trom et al., 1996). To identify additional components of
he shh pathway, fkd4 and shh expression was analyzed in
mutants of genes such as igu, dtr, schmalhans (smh) and
monorail (mol; Brand et al., 1996), and sleepy (sly), grumpy
gup), bashful (bal), uml, astray (ast), blowout (blw), and
elladonna (bel; Karlstrom et al., 1996; Table 2). We found
hat in mutants of three of the genes that display a retino-
nk. Lateral views of wild-type embryos in the pharyngula period
ene fkd4 expressed in the MFP and LFP cells (B, C) after control
e- to four-cell stage. While col2A1 expression after ectopic shh
indicative of a response of LFP cells to shh overexpression, wherease tru
ain g
e on
ded,s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All righttectal projection and curled body phenotype, namely igu,
dtr, and uml, fkd4 expression is restricted to a one-cell-wide
domain (Figs. 5F–5H, summarized in Table 2), while shh
expression appears normal (data not shown). Thus in these
mutants, as in syu, yot, con, and you, LFP cells are absent
while MFP cells develop normally. In other mutants with
projection phenotype but normal body shape, sly, gup, bal,
ast, blw, and bel (Table 2), or mutants with a curled down
body axis and reduced floor plate morphology but normal
projection of retinal axons, smh and mol (Table 2), fkd4-
expressing LFP cells are present. The similarity of the
ventral neural tube phenotype makes igu, dtr, and uml
likely candidates to participate in the induction of the LFP
as members of the shh signal transduction pathway to-
gether with syu, you, yot, and con.
The Role of the Floor Plate in the Induction of
Primary Motor Neurons
In rodent and chicken embryos, Shh activity from the
notochord and/or the floor plate is required for the induc-
tion of Islet1-expressing motor neurons in neural tube
explants (Roelink et al., 1994, 1995; Martı´ et al., 1995;
Tanabe et al., 1995; Chiang et al., 1996; Ericson et al.,
996). In contrast, in zebrafish, syu mutant embryos exhibit
n apparently normal number of primary motor neurons
Brand et al., 1996; Schauerte et al., 1998). The development
f primary motor neurons in syu mutants could be ex-
lained by the presence of MFP or notochord cells express-
ng twhh or ehh, respectively, or an involvement of differ-
nt signaling molecules produced by these axial structures.
To analyze the effect of complete elimination of the floor
late on primary motor neuron induction, we generated
mbryos doubly mutant for syu and cyc (syut4;cyctf219 and
yutbx392;cyctf219). Such embryos are devoid of fkd4 expres-
sion in the neural tube, indicating the absence of both LFP
and MFP cells (Fig. 6G). To visualize the primary motor
neurons, double-mutant embryos were fixed at the 20-
somite stage and stained with anti-Islet1 antibody. While
there is no significant effect on the number of Islet1-
expressing motor neurons in either cyc (Hatta, 1992; Brand
et al., 1996; Schier et al., 1996, 1997; Beattie et al., 1997;
Schauerte et al., 1998; Fig. 6D) or syu single-mutant em-
bryos (Fig. 6F), only about a third of the wild-type number of
primary motor neurons can be found in syu;cyc double-
mutant embryos (Fig. 6H). These results indicate that the
shh pathway acts in concert with at least one other signal-
ing pathway involving the nodal-related cyc. As the re-
Further components of the shh signal transduction cascade are dtr
(F), igu (G), and uml (H), which, similar to the you-type mutants,
ave defects in the projection of retinal axons, a curled-down body
xis, and defects in LFP cells. While in dtr and uml embryos fkd4
taining is restricted to the MFP (F, H), in igu embryos a few
kd4-expressing cells can also be detected lateral to the MFP (G).FIG. 5. Members of the shh signal transduction cascade are
nvolved in the induction of LFP cells. Dorsal views (anterior is left)
f wild-type (A) and syutd4 (B), yotty119 (C), contf18b (D), youty97 (E),
dtrts269 (F), iguts294e (G), and umlty254z (H) mutant embryos in the
pharyngula period hybridized with a probe specific for fkd4. In the
ventral neural tube of the trunk region fkd4 is expressed in a three-
to four-cell-broad domain including the MFP and the LFP cells.
Members of the shh signal transduction cascade necessary for the
induction of adaxial cells and muscle pioneer cells in the somites,
syu, yot, con, and you, are also involved in the induction of LFP
cells, while MFP development in these mutants appears normal.s of reproduction in any form reserved.
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358 Odenthal et al.moval of the entire floor plate in shh;cyc double mutants
does not completely eliminate the primary motor neurons,
other signaling molecules may be involved; such candidate
molecules could be twhh or ehh.
DISCUSSION
A Distinct Origin of MFP and LFP Cells in
Tetrapods and Teleosts
The floor plate was originally defined as a morphological
structure in the ventral neural tube; subsequent studies
revealed it to be a source of molecules involved both in
neural tube patterning and in axonal guidance (for review
see Stoeckli and Landmesser, 1998). In all vertebrate species
studied to date, two different floor plate cell populations
have been distinguished by the expression of molecular
markers. Fate map studies in chicken embryos and quail/
chick graft experiments have shown that the floor plate is
derived from two different sources. One part develops from
a common population of cells in Hensen’s node which gives
rise to notochord and floor plate (Selleck and Stern, 1991;
Catala et al., 1996) while other floor plate cells originate
from a region cranial to Hensen’s node (Schoenwolf et al.,
1989; Schoenwolf and Sheard, 1990). The origin of both of
these primordia is clearly distinct from that of other cells in
the neural tube (Catala et al., 1996).
What is the origin of the floor plate in the zebrafish?
ate-mapping studies have revealed that floor plate cells
TABLE 2
LFP Development in Mutants with Reduced Floor Plate Morpholo
or Curled Down Body Axis
Floor plate
Morphology MFP
cyc cyclops Reduced Reduced
oep one-eyed pinhead Reduced Reduced
sur schmalspur Reduced Reduced
syu sonic you Reduced Normal
con chameleon Reduced Normal
yot you-too Reduced Normal
igu iguana Reduced Normal
dtr detour Reduced Normal
uml umleitung Slightly red. Normal
you you Slightly red. Normal
smh schmalhans Reduced Normal
mol monorail Reduced Normal
sly sleepy Normal Normal
gup grumpy Normal Normal
bal bashful Normal Normal
ast astray Normal Normal
blw blowout Normal Normal
bel belladonna Normal Normal
ubo u-boot Normal Normal
cho choker Normal NormalCopyright © 2000 by Academic Press. All righterive from the embryonic shield, as well as from ventro-
ateral regions defining the neuroectodermal parts of the
ate map (Shih and Fraser, 1995; Melby et al., 1996). In these
ineage-tracer experiments, no distinction was made be-
ween MFP and LFP cells. Cells derived from labeled cells
hat were transplanted into unlabeled hosts prior to the
nset of gastrulation often give rise to cells in the notochord
nd the MFP simultaneously (Halpern et al., 1995), suggest-
ng that MFP cells derive from the shield. A separate origin
f LFP cells is suggested by the finding that in similar
ransplants LFP cells and MFP cells have not been observed
ogether as descendents of adjacent donor cells (J.O., unpub-
ished observation).
The floor plate has originally been defined by morphology
nd function. On the other hand, the different expression
rofiles and origins of medial and lateral cells in both
etrapods and zebrafish have led to the suggestion that the
ateral cells should not be regarded as part of the floor plate.
n recent studies describing the phenotype of mice carrying
targeted mutation in the gli2 gene, HNF3b1/shh2 cells
irectly lateral to the shh-expressing floor plate cells have
een considered as lying outside the floor plate (Ding et al.,
998; Matise et al., 1998) and were named ventral interme-
iate region cells (Matise et al., 1998). In contrast to this
otion our studies in the zebrafish provide several reasons
hy LFP cells expressing axial/HNF3b but not shh should
be defined as part of the floor plate. First, LFP cells in
zebrafish share the epithelial (cuboidal) morphology with
MFP cells (Kuwada et al., 1990) despite the fact that they
silateral Projection of Retinal Ganglion Cell (RGC) Axons, and/
RGC axons
Body
shape
Adaxial
cells
Muscle
pioneersP
al Ipsilateral Curled Normal Normal
al n.d. Curled Normal Normal
al Normal Curled Normal Normal
nt Ipsilateral Curled Absent Absent
nt Ipsilateral Curled Absent Absent
nt Ipsilateral Curled Absent Absent
nt Ipsilateral Curled n.d. 1/2
nt Ipsilateral Curled n.d. n.d.
nt Ipsilateral Curled n.d. n.d.
nt Contralateral Curled Absent Absent
al Contralateral Curled n.d. n.d.
al Contralateral Curled n.d. n.d.
al Ipsilateral Normal n.d. 2/1
al Ipsilateral Normal n.d. 2/1
al Ipsilateral Normal n.d. 2/1
al Ipsilateral Normal n.d. n.d.
al Ipsilateral Normal n.d. n.d.
al Ipsilateral Normal n.d. n.d.
al Contralateral Normal Normal 1/2
al Contralateral Normal Normal Normalgy, Ip
LF
Norm
Norm
Norm
Abse
Abse
Abse
Abse
Abse
Abse
Abse
Norm
Norm
Norm
Norm
Norm
Norm
Norm
Norm
Norm
Norms of reproduction in any form reserved.
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359Induction of Lateral Floor Plate Cellscan be distinguished by gene expression and, as we show
here, are dependent on different and independent genetic
pathways. In addition, the phenotypic comparison between
mutant embryos lacking MFP cells (cyc, oep, and sur) or
FIG. 6. syu;cyc double mutants lack all floor plate structures in th
, G), and lateral views (B, D, F, H; anterior is left) of wild-type (A, B)
tained with probes specific for fkd4 (A, C, E, G) and an antibod
kd4-expressing LFP cells are formed (C), whereas in syu embryos
utants fkd4-expressing cells in the ventral neural tube can be det
ouble mutants (G). However, fkd4 expression in the hypochord un
hown). Primary motor neurons stained with an antibody against I
trongly reduced in syu;cyc double mutant embryos (arrowhead in
primary motor neurons. The few remaining motor neurons mightCopyright © 2000 by Academic Press. All rightLFP cells (syu, yot, con, igu, and dtr) reveals that mutants of
both classes display a very similar floor plate morphology
and a curled down body axis, indicating an equivalent role
in the patterning of the spinal cord. Third, the floor plate
nk and primary motor neurons are strongly reduced. Dorsal (A, C,
f219 (C, D), syutbx392 (E, F), and syu;cyc double-mutant (G, H) embryos
inst Islet1 (B, D, F, H) in the pharyngula period. In cyc embryos
P cells are present and LFP are not formed (E). In syu;cyc double
, indicating the complete absence of floor plate structures in these
ath the notochord and in the hindgut remains unchanged (data not
are present in cyc and syu single mutants (arrowhead in D, F), but
ndicating that shh together with a signal(s) from the MFP induces
duced by ehh expression in the notochord.e tru
, cyct
y aga
MF
ected
derne
slet1
H), i
be ins of reproduction in any form reserved.
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360 Odenthal et al.has an important function in guiding the growth of certain
axons (reviewed by Colamarino and Tessier-Lavigne, 1995).
We found that in some mutants with ipsilateral, instead of
contralateral, projection of retinal axons toward the optic
tectum, syu, yot, con, igu, dtr, and uml (Karlstrom et al.,
1997), the reduction of fkd4 expression in the ventral
diencephalon correlates with the projection phenotype
(data not shown), indicating that at least in the forebrain
fkd4-expressing cells might provide important guidance
cues. In the trunk, LFP cells appear to be involved in axonal
guidance as are MFP cells, since spinal cord axons of the
mediolateral fascicle grow along LFP cells (Kuwada et al.,
990; Hatta et al., 1991) and LFP cells express the axonal
guidance molecule netrin-1a, similar to the MFP (Lauder-
dale et al., 1998). The presence of LFP in the trunk of cyc
mutants might explain why many axons in the spinal cord
project normally even in the absence of the MFP (Bernhardt
et al., 1992). Taken together, although LFP and MFP in
zebrafish are distinct and appear to be of different origins,
we propose that axial/fkd4-positive cells are part of the
floor plate, based on morphological and functional criteria.
Different Mechanisms for Floor Plate Specification
in Tetrapods and Teleosts?
Despite their distinct origins, both types of floor plate cell
fail to differentiate in mouse embryos carrying a targeted
mutation in the shh gene, suggesting that Shh produced in
the notochord is responsible for the induction of the entire
floor plate. In the zebrafish, in contrast, several findings
argue against an exclusive role for Shh in floor plate
specification. In the first place, MFP cells are still formed in
the absence of a differentiated notochord in a number of
zebrafish mutants (flh, mom, bozozok, and ntl), indicating
that a source of Shh signaling underlying the neural tube is
not a prerequisite for MFP induction (Krauss et al., 1993;
Talbot et al., 1995; Halpern et al., 1995; Schier et al., 1996;
Odenthal et al., 1996). On the other hand, MFP cells fail to
develop in embryos mutant for cyc—which encodes a
nodal-related molecule of the TGFb family (Rebagliati et
al., 1998; Sampath et al., 1998)—and oep—which encodes
an EGF-CFC family member (Zhang et al., 1998)—despite
high levels of Shh expression in the notochords of embryos
homozygous for either mutant. Thus MFP induction seems
to depend directly upon nodal-related signaling and not on
Shh activity. Double-mutant analysis between cyc and ntl
as revealed that ntl rescues the floor plate deficit of cyc
mbryos (Halpern et al., 1997). Since ntl is not transcribed
in the spinal cord, this suggests that during gastrulation
cells decide between forming notochord or floor plate, a
decision that is already made in the shield. cyc, oep, and sur
may also be required by early gastrulation for this binary
decision process. Recent findings suggest that Delta signal-
ing is required for the specification of notochord and floor
plate (Appel et al., 1999).Copyright © 2000 by Academic Press. All rightSignaling from the Notochord or the MFP Can
Induce LFP Cells
Our analysis of mutants with reduced notochord and/or
the MFP provides strong evidence that LFP cells can be
induced by signaling activity emanating from either the
notochord or the MFP cells. Consistent with this, recent
studies have shown that in the zebrafish, mutants of the
shh gene (sonic you) display normal MFP development,
while induction of LFP cells is abolished (Schauerte et al.,
1998). Nevertheless, since two other members of the hh
gene family, ehh and twhh, are expressed in notochord and
floor plate, respectively, of the zebrafish embryo (Ekker et
al., 1995; Currie and Ingham, 1996), we have to consider the
possibility that these two genes might also contribute to
the induction of LFP cells. However, the normal expression
of twhh in the MFP and ehh in the notochord of syu
mutants (Schauerte et al., 1998) is not sufficient to com-
pensate for the lack of shh, indicating either that a high
level of Hh activity is required or that Shh is the key
molecule in this inductive process. If the activity of other
Hh proteins were essential for LFP induction, mutations in
either twhh or ehh should lead to a reduction of LFP cells
similar to that seen in syu. None of the other genes with
reduced LFP phenotype that we describe here encode either
twhh or ehh (H. Schauerte and P.H., unpublished observa-
tion), supporting the notion that Shh is the key molecule for
the induction of LFP cells.
We found that shh overexpression is sufficient to induce
fkd4- but not col2A1-expressing cells in more lateral and
dorsal regions of the spinal cord, indicating that LFP cells
but not MFP cells are induced by Shh signaling. These
observations are in agreement with the finding that neither
shh overexpression nor the modulation of PKA activity,
which is a negative regulator of Shh signaling, has an effect
on MFP development, while axial, which is also expressed
in LFP cells, is responsive to both modulations (Krauss et
al., 1993; Hammerschmidt et al., 1996a; Stra¨hle et al.,
1997b).
Some You-Type Genes Encode Components of the
Hh Signaling Pathway
On the basis of expression patterns of several floor plate
markers, notably shh and fkd4, we have identified six other
genes that are involved in the formation of the LFP cells of
the floor plate. We found that three of the you-type genes,
yot, you, and con, which together with syu are involved in
the induction of slow muscle cell types (van Eeden et al.,
1996; Schauerte et al., 1998; Lewis et al., 1999), are also
ssential for LFP induction. In line with this, yot has
ecently been shown to correspond to the zebrafish gli2
ene (Karlstrom et al., 1999), mutation of which in mice
blocks the differentiation of the floor plate (Ding et al.,
1998; Matise et al., 1998).
Mutants in two other members of the you-type class, ubo
nd cho, in contrast do not affect LFP development: these
genes most likely act downstream of the shh signalings of reproduction in any form reserved.
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361Induction of Lateral Floor Plate Cellspathway specifically in the somites. The notion that ubo
and cho act downstream of Hh signaling is supported by the
observation that in mutants in both genes the expression of
the shh target genes, myoD and ptc, in the adaxial cells is
not affected (van Eeden et al., 1996; van Eeden, 1997; Lewis
et al., 1999).
In addition to the four you-type genes, three other genes,
dtr, igu, and uml (Karlstrom et al., 1996), were found to
ave a similar involvement in LFP induction, making them
ikely candidates for additional components of the shh
ignal transduction pathway. The body shape and retinotec-
al projection phenotypes of these genes resemble those of
he you-type mutants. While igu also affects the somites
Brand et al., 1996; Lewis et al., 1999), somite morphology
ppears normal in dtr and uml mutants, suggesting that the
ctivity of the latter two genes might be specific for the
ervous system.
The Role of the Floor Plate in the Induction of
Primary Motor Neurons
The induction of motor neurons in tetrapods depends on
shh activity from either the notochord or the floor plate
(Placzek et al., 1991; Yamada et al., 1991, 1993; Roelink et
l., 1994, 1995; Ericson et al., 1996). An involvement of Hh
ignaling in motor neuron development was also demon-
trated by the modulation of PKA activity in zebrafish
Hammerschmidt et al., 1996a) and by the finding that
secondary motor neurons develop in flh embryos close to
shh-expressing floor plate cells (Beattie et al., 1997). In
contrast, primary and secondary motor neuron differentia-
tion is not significantly affected in mutants lacking the
LFP, syu, you, yot, and con, as well as in mutants lacking
MFP cells, cyc, oep, and sur (Brand et al., 1996). This
finding, however, may be explained by the fact that struc-
tures with inducing potential are present in each of these
single mutants: MFP cells are formed in syu, you, yot, and
con and LFP cells and the notochord are present in cyc, oep,
and sur. The strong reduction of primary motor neurons in
syu;cyc double mutants indicates that in addition to shh
activity further signals are required for primary motor
neuron induction. These signals might be either cyc itself
or a signaling molecule downstream of cyc, for example,
twhh. Although shh and twhh are not expressed in the
syu;cyc double mutant, ehh transcription is unaffected:
This residual Hh activity might induce the primary motor
neurons that develop in syu;cyc double mutants.
CONCLUSION
A striking difference in floor plate formation between
tetrapods and teleosts is that while Shh appears to induce
all floor plate cells in mice, in fish, the inductive function of
the Shh pathway seems to be restricted to the formation of
LFP cells. In zebrafish, medial cells depend on one or more
independent and parallel pathways involving, among oth-
ers, the nodal-related cyc gene. The likeliest scenario is thatCopyright © 2000 by Academic Press. All righthe MFP cells derive in parallel to the notochord, while the
FP cells are induced later in spinal cord cells adjacent to
hese MFP cells or the notochord, both expressing shh. In
ice, in which neither nodal-related or EGF-CFC family
embers have been implicated in floor plate development,
he evidence is compatible with an induction of both
edial and lateral floor plate by Shh originating in the
otochord. Nevertheless, it will be interesting to investi-
ate the phenotypes of the mice mutant for the homologues
f the zebrafish midline genes.
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